Chronic myelogenous leukemia is characterized by the presence of the chimeric BCR-ABL gene, which is expressed as the constitutively active Bcr-Abl kinase. Although kinase activity is directly responsible for the clinical phenotype, current diagnostic and prognostic methods focus on a genetic classification system in which molecularly distinct subcategories are used to predict patient responses to small-molecule inhibitors of the Bcr-Abl kinase. Point mutations in the kinase domain are a central factor regulating inhibitor resistance; however, compensatory signaling caused by the activation of unrelated kinases can influence inhibitor efficacy. Kinase activity profiling can be used as a complementary approach to genetic screening and allows direct screening of small-molecule inhibitors. We developed a quantitative assay to monitor tyrosine kinase activities and inhibitor sensitivities in a model of chronic myelogenous leukemia using peptide reporters covalently immobilized on Luminex beads. Kinase activity is quantified by nonlinear regression from wellspecific internal standard curves. Using optimized synthetic substrates and peptides derived from native substrates as probes, we measured kinase inhibition in cell lysates by the signal transduction inhibitors imatinib and dasatinib. Taking advantage of a convenient 96-well plate format, this assay also allows a straightforward and quantitative analysis of the differential effects of ATP and inhibitors on kinase activity. This method for analyzing a focused signaling network benefits from rigorous statistical analysis and short processing times, thereby offering a powerful tool for drug discovery and clinical testing.
Introduction
Chronic myelogenous leukemia (CML) is caused by a reciprocal translocation between chromosomes 9 and 22, resulting in the formation of a shortened chromosome, named the Philadelphia chromosome, which produces a hybrid gene, BCR-ABL. Expressed as a fusion protein with upregulated tyrosine kinase activity, BCR-ABL affects multiple intracellular signaling pathways leading to the proliferation of hematopoietic progenitor cells. Because it is effectively diagnosed by the presence of BCR-ABL, CML is a prominent example for the use of molecular markers to support histology-based classifications of disease (1) . However, cytogenetic and molecular response studies have shown that the characterization of disease is complicated by molecularly distinct subgroups that respond differently to established therapies. Although resistance to small-molecule kinase inhibitors such as imatinib (Gleevec, STI571) may be the direct result of point mutations in the Bcr-Abl kinase domain, alternative causes of resistance include the overexpression of Bcr-Abl and members of the Src family, specifically Hck and Lyn (2) (3) (4) . Indeed, Bcr-Abl signaling is regulated by interactions at Bcr and Abl domains, as well as Src homology SH2 and SH3, actin-, and DNA-binding domains, and necessarily involves the participation of a variety of intracellular proteins to override normal regulatory cues (5) . Consequently, therapeutic strategies using a combination of inhibitors with restricted specificity or multitarget inhibitors are being developed to overcome resistance and modulate oncogenic signaling (6) . Under these circumstances, the development of sensitive and reliable methods to monitor pathway activation and the effects of multitarget inhibitors may be as important to cancer therapy as the development of novel pharmaceutical compounds (7) .
The diversity of phenotypes in clinical examples of CML may be attributed to differential signaling patterns that originate from changes in multiple kinase activities. Genome-wide profiling of gene expression has provided distinct signatures that may identify active signaling pathways and guide the prediction of prognostic subclasses (8) . However, functional screens that involve a direct assay of kinase activity are more efficient tests of inhibitor efficacy and may be better suited to clinical applications (9) . Several approaches have been developed to assess the influence of multiple kinases within an intracellular signaling network; these range from arrays of antibodies to capture kinase and substrate phosphorylation sites to arrays of protein substrates for direct assays of kinase activity. These array-based approaches are particularly useful for assessing pathway activation in response to small-molecule inhibitors.
The use of peptide substrates has significantly simplified array production and handling (10) . Indeed, peptide microarrays offer highly multiplexed detection of substrate phosphorylation with spatial addressing, allowing the interrogation of multiple kinase activities in cell extracts with a single anti-phosphotyrosine antibody (11) . Recent advances have prompted the development of large-scale peptide arrays with varying formats and detection strategies. These include parallel analyses of peptide substrates arranged in 96-well plates (12) or spotted on glass slides (13) to monitor the incorporation of isotopelabeled phosphate from radioactive ATP. Bead-based capture of phosphorylated peptide substrates with oligonucleotide affinity tags and three-step phospholabeling has been used to facilitate rapid solution-phase kinetics using purified kinases (14) . Synthetic peptide substrates have been enriched from solution-phase reactions with cell lysates and quantitatively identified by mass spectrometry (15) . Advanced production techniques have constructed miniaturized three-dimensional peptide matrices, which are labeled by a fluorescent anti-phosphotyrosine antibody and monitored periodically by a charge-coupled device camera to derive rate measurements (16) .
Several of these methods rely on an expanded library of peptide substrates to derive multiple kinase activities from patterns of preferential phosphorylation. Although this provides a comprehensive view and is a common means to circumvent the challenge of monitoring specific kinase activity with a single peptide substrate, a smaller selection of peptides may be chosen from previously validated assays to monitor pathway activation and inhibition. Toward this end, we developed an assay that uses a focused group of peptide substrates covalently immobilized on Luminex beads to monitor tyrosine kinase activity and inhibition in whole-cell lysates.
Materials and Methods
Cell culture, lysis, and inhibition. Imatinib and dasatinib were purchased from LC Laboratories. Pyrido [2,3-d] pyrimidine-7-one class kinase inhibitors PD166326, PD173955, and DV2-273 were generously provided by Darren Veach and Bayard Clarkson (Memorial SloanKettering Cancer Center, New York, NY). K-562 cells were purchased from the American Type Culture Collection and cultured according to the manufacturer's instructions. Lysates used for activity and inhibition assays were prepared from confluent cells as previously described (17) . For K-562 cells treated with inhibitors in culture, cells were grown to confluence from the minimum recommended density over 3 to 4 days without serum replenishment before treatment. Confluent cells were distributed in sterile 96-well filter plates (AcroPrep) and treated with inhibitors serially diluted in DMSO for 1 hour at 37°C. All subsequent steps were carried out on ice or at 4°C and in-plate lysis was done as previously described (18) .
Peptide synthesis and generation of internal standards. Peptides were designed based on established kinase substrate sequences and synthesized with NH 2 -terminal cysteines as previously described (17) . Abltide (CEAIYAAPFAKKK) and Srctide (CAEEEIYGE-FEAKKKK) are optimized synthetic substrates for Abl and Src kinases, respectively (19) . Abltide was also synthesized with a COOH-terminal cysteine (KGEAIYAAP-FAKKKGC) for immobilization in the opposite orientation. To investigate the effects of modular kinase recognition domains, we synthesized Abltide in tandem with p40, the high-affinity peptide ligand for the Abl kinase SH3 domain (20) . This was positioned in two orientati on s wit h Abl ti de at eit h er t he NH 2 terminus (CEAIYAAPFAKKKGGAPTYSPPPPPLL) or at the COOH-terminus (CGGAPTYSPPPPPLLEAIYAAP-FAKKK). The validated peptide substrate for Btk kinase was derived from its tyrosine autophosphorylation site (CKKVVALYDYMPMN; refs. 21, 22) . Similarly, we synthesized peptides derived from the singular tyrosine phosphorylation sites on Crk (CGGPEPGPYAQPSVNTPLPN; ref. 23 ), CrkL (CGIPEPAHAYAQPQTTTPLPA; ref. 24) , and Stat5a (CAKAVDGYVKPQIKQVVKKK; refs. 25, 26) . Internal standards were generated from synthetic Abltide and phospho-Abltide (CEAI-pY-AAPFAKKK). To ensure accurate relative concentrations between Abltide and phospho-Abltide for 15%, 25%, 30%, 45%, and 50% molar mixtures, purified synthetic peptides were analyzed separately by absorbance of the peptide backbone at 214 nm with analytic C 18 RP-HPLC (Waters 6000S HPLC System). Integrated peak areas were plotted versus injection volumes per peptide and the ratio of the slopes was used as the calibration factor for relative peptide concentration. Pure Abltide and phospho-Abltide were used for 0% and 100% phospho-standards.
Covalent substrate immobilization. Luminex generously provided Luminex beads with free COOH groups in bead regions 27, 34, 42, 45, 56, 61, 65 , and 73. Beads were modified with primary amines using standard methods (27) . Up to 300 μL of carboxylated beads, supplied at 1.25 × 10 7 beads/mL, were added to a filtered microcentrifuge tube, washed with water by centrifugation at 100 g, and resuspended in 100 mmol/L NaH 2 PO 4 (pH 6.2). Fifty microliters of 50 mg/mL N-hydroxysuccinimide (NHS) in water and 50 μL of 50 mg/mL 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC) in water were added and the beads were incubated at room temperature for 20 minutes with gentle shaking. Beads were washed thrice with 100 mmol/L MES (pH 5.0) and resuspended in 100 μmol/L N-(3-Aminopropyl)methacrylamide (Polysciences) in the same buffer. The primary coupling reaction was mixed for 2 hours at room temperature. Beads were washed thrice with 100 mmol/L NH 4 HCO 3 (pH 8.0), and resuspended in 100 μmol/L peptide in the same buffer. The secondary coupling reaction was mixed for 1 hour at room temperature and allowed to incubate 12 to 18 hours at 4°C. Modified beads were counted using a hemacytometer and stored at 4°C for up to a year in PBS (pH 7.4) supplemented with HALT phosphatase inhibitor (Pierce) as necessary.
Kinase assays. Modified Luminex beads were distributed to 96-well filter plates using a Precision Microplate Pipetting System (BioTek). Ninety-six-well filter plates, containing ∼1,000 peptide-modified beads per type per well, were vacuum washed thrice with 10 mmol/L TrisHCl (pH 7.4) with 50 mmol/L MgCl 2 . A 50 μL reaction mixture, containing kinase buffer [50 mmol/L Tris-HCl (pH 7.5), 10 mmol/L MgCl 2 , 1 mmol/L EGTA, 0.01% Brij-35, 2 mmol/L DTT, and 1× Complete protease inhibitor (Roche Diagnostics)], 10 μmol/L ATP (unless otherwise specified), and variable concentrations of purified kinase or cell lysates, was incubated with beads for up to 60 minutes. Lysates prepared in-plate from~1 million cells per well were diluted 5-fold for activity assays. Lysates prepared from large populations of cells in conical tubes were diluted up to 50-fold. Recombinant human Abl kinase (EC 2.7.10.2) was purchased from Millipore. Kinase reactions were terminated by the addition of 250 mmol/L EDTA (pH 8.0). Three 5-minute washes with 2% SDS and five successive washes with water were used to remove nonspecific adsorption and detergent. Onehour incubation with 1% bovine serum albumin in TBS with 0.1% Tween 20 (TBST) was used to block nonspecific binding of labeling antibodies. Phosphorylated substrate was either labeled sequentially with a 1:1,000 dilution of biotinylated 4G10 and a 1:1,000 dilution of phycoerythrin (PE)-coupled streptavidin (both Millipore), or in a single step by the addition of a 1:10 dilution of PE-conjugated PY20 (BD Phosflow) in TBST. Beads were given a final wash with TBST and resuspended in the Luminex system running buffer before analysis. Data were acquired with a minimum target of 100 bead counts per region per well using the BioPlex 200 system from Bio-Rad, calibrated separately at both high (15, 993) and low (3, 515) targets to determine the maximum range of detector linearity per plate.
Statistical analysis. Several parameters were recorded for each bead region analyzed: the number of beads per region in the queried sample, the median, the mean, and the SD of bound PE per bead region. Data were reviewed using widely accepted methods of statistical inference (28) . The following is the standard calculation procedure for the confidence interval and the SEM (29) . Tables of t-values used in the calculation of the confidence interval were verified against published data from standard sources (28, 30) .
X is the mean fluorescence intensity per bead region per well t α/2 is the two-tailed t distribution, for a specified level of confidence (α) n-1 is the degrees of freedom, sampled bead count per region per well minus one σ is the SD of the fluorescence intensity per bead region per well n is sample size, the number of beads sampled per bead region per well Because of variations in sample sizes, it was necessary to calculate confidence intervals based on specific t-values for each bead region in each well of a 96-well plate. The sampled number of beads per region per well was often <200, resulting in t-values that were substantially different from the normal distribution. Therefore, separate t-values were derived based on the sample size (n) for each bead region in each well, using published extended values for the t-distribution with six significant digits for degrees of freedom from 40 to 200 within one well (30) and four significant digits for degrees of freedom from 500 to 10,000 over an entire plate (31) .
Nonlinear regression. Well-specific standard curves were constructed from the observed mean fluorescence intensity of known ratios of synthetically phosphorylated Abltide. Prism v4.0a (GraphPad Software, Inc.) was used to calculate the goodness of fit to nonlinear models, in which the criterion for selection was the minimum absolute sum of squares. For comparison the correlation coefficient, R 2 , was also noted. Western immunoblotting. The PathScan Bcr-Abl Activity Assay kit for multiplexed Western blot analysis was purchased from Cell Signaling Technology. Sixty micrograms of total protein from imatinib-and dasatinibinhibited lysates were separated on a 4% to 12% Bis-Tris NuPAGE gel with MOPS SDS running buffer (Invitrogen), transferred to nitrocellulose membranes (Bio-Rad), and reversibly stained with Memcode (Pierce) to ensure approximately equal protein loading per lane. Membranes were blocked with 5% skim milk in TBST for 1 hour and probed with the primary antibody cocktail at a 1:500 dilution in 3% skim milk in TBST for 48 hours at 4°C, and secondary antibody at a 1:500 dilution in 3% skim milk in TBST for 1 hour at room temperature. Quantity One software v4.6.6 (Bio-Rad) was used to quantitate the relative density around each protein band in digitally rendered film exposures.
Results
Luminex beads allow for population-based statistical analysis of peptide substrate phosphorylation. Constitutively active Bcr-Abl provides the dominant oncogenic stimulus in CML and promotes cellular transformation through a network of protein interactions that include Crk, CrkL, Stat5a, Btk, and various kinases in the Src family (Fig. 1A) . Abltide is routinely used to measure the characteristic Bcr-Abl activity profile of CML. Abltide is an optimized peptide substrate for Abl and its oncogenic relative Bcr-Abl that has shown little reactivity with structurally similar kinases such as Src (19) . We synthesized Abltide for immobilization on Luminex beads. To provide accessibility to immobilized Abltide at the bead surface, a biologically passivating N-(3-Aminopropyl)methacrylamide linker was introduced using EDC/NHS crosslinking to COOH-coated Luminex beads. Abltide was covalently attached to resulting acryl groups by Michael addition of the sulfhydryl at the NH 2 -terminal cysteine (17) . Following phosphorylation, Abltide was sequentially labeled with a biotinylated anti-phosphotyrosine antibody and PE-conjugated streptavidin.
We incubated serial dilutions of purified recombinant Abl with immobilized Abltide to profile the relationship between enzyme activity and fluorescent signal accumulation ( Supplementary Fig. S1 ). We estimated a maximum loading capacity of 8.3 fmoles of peptide substrate per 1,000 beads given ∼5 million COOH groups per bead. Assuming conditions of relative enzyme excess, traditional Michaelis-Menten analysis was inapplicable (32) . The change in fluorescence with increasing enzyme was best modeled by a sigmoidal curve, emphasizing a doseresponse association. A range of random factors could have caused deviations from the sigmoidal fit and the median fluorescence intensity did not provide access to measurement confidence. Without a clear understanding of the significance of data distributions within and between wells ( Supplementary Fig. S2 ), it was not possible to construct a detailed model to relate the measured signal to the amount of active enzyme.
Consequently, we developed well-specific internal standard curves for the accurate quantitation of experimental peptide phosphorylation and established a statistical analysis that was based on bead populations. Two confidence intervals were calculated to the 0.01 level. One confidence interval described the set of sampled beads in each well to assess the accuracy with which the measured fluorescence intensity of the queried sample represented the total population of beads in the well. The second confidence interval described variations attributed to biologically identical conditions in triplicate wells. The most basic kinase assay used one experimental peptide substrate and one internal standard curve per well. We expanded this format to include multiple peptide substrates per well for the analysis of pathway activation in a signaling network (Fig. 1B) . showing only direct interactions between the kinase Bcr-Abl, adapter proteins Crk and CrkL, the transcription factor Stat5, the kinase Btk, and select members of the Src family of kinases, c-Src, Hck, Lyn, Yes, Fyn, and Csk. These proteins have been shown to play a role in the initiation, progression, or maintenance of CML though either upregulation, overexpression, or by interaction with the inhibitors imatinib and dasatinib. The functional network was constructed using the MetaCore (GeneGo) database of reported interactions manually curated from the literature. Solid arrows, protein binding or substrate phosphorylation that leads to activation; Dashed arrows, interactions that lead to inhibition. Bold dotted arrow, interactions that have been activating or inhibiting under different conditions. B, experimental scheme. To monitor tyrosine kinase activity in a signaling network, we covalently immobilized peptide substrates on Luminex beads through an acrylamide linker. Beads bearing different peptide substrates were combined in a single well and reacted with cell lysates. A set of four synthetically phosphorylated internal standards were added to each well in a 96-well array following the termination of kinase reactions and before labeling with fluorescent antibodies against phospho-tyrosine. Nonlinear regression from well-specific internal standard curves was used to calculate the percentage of substrate phosphorylation. This allowed for accurate comparisons between wells in an array and between arrays.
Generation of internal standards. To monitor systemic variations across a plate, we designed a set of synthetic peptide standards that could be combined in a single well to form an internal standard curve. Standards were produced by mixing synthetic Abltide and synthetic phospho-Abltide in known molar ratios. Fluorescence measurements for 0% and 100% substrate phosphorylation were generated from pure Abltide and synthetic phospho-Abltide. Data for 15%, 25%, 30%, 45%, and 50% were produced by corresponding molar ratios of phospho-Abltide to Abltide. Standard beads were distributed to each well of a 96-well plate and labeled with fluorescent anti-phosphotyrosine antibody conjugated in one of two ways: either directly, using the PE-labeled PY20 (PY20-PE) clone ( Fig. 2A) , or sequentially, using the biotinylated 4G10 clone followed by PE-labeled streptavidin (streptavidin-PE; Fig. 2B ). Fluorescence readout was not linear with increasing phosphorylation and varied significantly from well to well over an entire 96-well plate. The choice of PY20 or 4G10 to label phosphorylated tyrosines did not affect the shape of internal standard curves, which were best fit by a Boltzmann sigmoidal model. Best-fit curves were not affected by the maximum degree of standard phosphorylation; curves reached saturation whether 45% or 100% was used as the maximum standard value. We attributed the biphasic shape of the functional relationship between fluorescence intensity and the percentage of peptide phosphorylation to saturation dynamics of divalent antibodies in close proximity. Well-to-well differences in slope were attributed to uncontrollable variability between homogeneous mixtures, emphasizing the effect of small differences in concentration and mixing efficiencies. To confirm the direct relationship between the steepness of the internal standard curve and the concentration of antibody used to label phosphorylated peptides, we applied serial dilutions of PY20-PE and biotinylated 4G10 to an identical set of standards ( Fig.  2C and D) . Internal standard curves provided a reasonable basis for deriving the extent of experimental phosphorylation within a specified risk of error. Although the development of an internal standard curve for quantitation is unique, the use of internal positive and negative controls in multiplexed Luminex assays has already been shown to improve assay reliability (33, 34) . As applied here, internal standard curves provide the basis for reaction-specific quantitation while controlling for detector bias toward fluorescent labels.
Abltide phosphorylation using cell lysates. After establishing the relevance of measured fluorescence intensity to kinase activity, we evaluated assay performance by measuring Abltide phosphorylation in K-562 cell lysates. Serially diluted K-562 lysates were added to beads with immobilized Abltide to assess the optimum amount of lysates necessary for a quantitative characterization of system kinetics (Fig. 3A) . The best-fit curve was hyperbolic, highlighting the degree of enzyme excess common to assays using immobilized substrate. Thus, very small amounts of cell lysates were required to generate a signal within the linear and most sensitive detection range. Using diluted K-562 lysates, with only 20 μg of total protein per reaction, we monitored the phosphorylation of immobilized Abltide in discrete time points for up to 60 minutes (Fig. 3B) . The progress curve follows a hyperbolic trend, emphasizing rate reduction with substrate depletion after 15 minutes. Although dependent on intrinsic Bcr-Abl activity, our assay showed the greatest sensitivity for short reaction times. Future applications may provide comprehensive analysis in <30 minutes.
Substrate optimization. To investigate methods that further increase assay sensitivity, we modified the original Abltide substrate. Previous work using immobilized Abltide to measure Bcr-Abl activity in cell lysates showed that altered orientations resulted in increased signal intensities (35) . It was also shown that inclusion of p40, the high-affinity peptide ligand for the Abl kinase SH3 domain, led to more efficient phosphorylation of Abltide (17, 36) . To test the influence of peptide orientation on assay sensitivity, we synthesized Abltide with a COOHterminal cysteine. Abltide was also synthesized in tandem with p40, either proximal or distal to the immobilization site. To determine substrate preference, we combined these four substrates in the same reaction with K-562 lysates (Fig. 3C and D) . Relative substrate phosphorylation was expressed as a percentage between 0 and 100, following transformation of raw fluorescence intensity using internal standard curves. The results provided relative comparisons against synthetic Abltide and phospho-Abltide standards. Abltide immobilized through a COOH-terminal cysteine was phosphorylated to a greater extent than Abltide immobilized through an NH 2 -terminal cysteine. Structural modeling suggested that the immobilization of Abltide in the opposite orientation may orient the substrate tyrosine for improved accessibility to kinases in solution (Supplementary Fig. S3 ). The inclusion of p40 in tandem with Abltide significantly reduced the amount of lysates necessary to obtain a saturating signal (Fig. 3C) . Similarly, substrates that included p40 were phosphorylated more rapidly than Abltide alone (Fig. 3D) . Mass spectrometry and fluorescent antiphosphotyrosine antibody labeling confirmed that signal Figure 3 . A, Abltide phosphorylation by K-562 cell lysates. Using mean fluorescence intensities and 99% confidence intervals from sampled beads, a series of only eight wells was sufficient to derive the central tendency of saturating kinase activity. B, reaction kinetics were monitored using 20 μg of total protein in K-562 lysates, less than half of the concentration necessary to obtain maximal Abltide phosphorylation. C, competitive substrate preference was determined by presenting four substrates immobilized on distinct Luminex beads: Abltide, immobilized through an NH 2 -terminal cysteine (black) and through a COOH-terminal cysteine (green), and Abltide in tandem with p40, arranged with Abltide proximal (blue) or distal (red) to the immobilization site. Substrates that included p40 were phosphorylated to a greater extent using less cell lysates than required for Abltide alone [half-maximal phosphorylation with 11.6 μg (red) and 12.81 μg (blue) of total protein]. Meanwhile Abltide reached a saturating fluorescence intensity of only 200 arbitrary units when presented in the company of substrates that included p40, compared with the 10,000 arbitrary units obtained when presented alone (A). D, Abltide was phosphorylated to a greater extent in a shorter amount of time when presented in tandem with p40 (blue and red), reaching half maximal phosphorylation in under 2 minutes. By comparison, Abltide (green and black) reached half maximal phosphorylation in over twice the time required when presented alone. In all cases, biological triplicates were best fit by hyperbolic curves.
increases were not the result of phosphorylation at an additional tyrosine in p40 (17, 36) . Results from these competition assays suggested that p40 recruits Bcr-Abl to the bead surface by interaction with the SH3 domain. These results showed that modular peptide recognition motifs could be combined and rearranged to optimize assay sensitivity.
Inhibitor screening in cells and cell lysates. To show the potential role in high-throughput pharmaceutical screening of kinase inhibitors, we monitored the potency of several clinically relevant inhibitors in K-562 cell lysates and cultured cells. Five ATP-competitive inhibitors were tested in a 96-well plate format: imatinib (STI571; ref. 37 (17, 39) , and PD173955 (17, 39) . To monitor inhibition in cell lysates, lysates were prepared in a single batch and distributed into 96-well plates containing Abltide-modified Luminex beads and various concentrations of each inhibitor. To emphasize small differences between effective inhibitor concentrations, we used cell lysates that fell within the most sensitive detection range and inhibitor concentrations that flanked the expected value required for half-maximal inhibition (IC 50 ). On the other hand, inhibition in cultured K-562 cells was done in 96-well filter plates, in which cells were dosed, lysed, and harvested in-plate. Although details of the approach are described and validated elsewhere (18) , the inhibition of kinases in cultured cells involved the distribution of confluent cells in sterile 96-well filter plates and incubation with inhibitors for 1 hour. Cells were washed by centrifugation, lysed in-plate, and lysates were collected by a second 96-well plate during centrifugation at 4°C. Collected lysates were transferred to a third 96-well filter plate containing Abltide-conjugated beads for the kinase activity assay. In all cases, IC 50 values were calculated from the best-fit curve through biological triplicates.
Several factors resulting from differences in treatment conditions and the preparation of lysates limit the direct juxtaposition of IC 50 values obtained from the treatment of cells versus cell lysates. These differences include lysis efficiency, competitive ATP concentrations, and the presence of phosphatase inhibitors at the time of inhibition. For example, considering the high concentration of intracellular ATP, we expected IC 50 values to be larger for assays using lysates derived from cells treated with inhibitors. Conversely, by encouraging kinase activity, the presence of phosphatase inhibitors during lysate inhibition may have reduced the likelihood that smallmolecule inhibitors were able to stabilize kinase inactive states. Therefore, expected IC 50 values might instead be smaller for assays using lysates derived from cells treated with kinase inhibitors.
Despite numerous factors that were not consistent between the two types of experiments and that undoubtedly influenced inhibitor potency, several interesting features were highlighted by qualitative comparisons. For example, the advantage of using internal standard curves over nonstandardized activity assays is highlighted in Fig. 4A and B. Imatinib was used to inhibit Bcr-Abl in lysates and in cells. Abltide phosphorylation was monitored with unique antibodies in two separate experiments; inhibited lysates were labeled with biotinylated 4G10 and streptavidin-PE, whereas lysates from inhibited cells were labeled with PY20-PE (Fig. 4A) . Internal standard curves automatically corrected for differences in mean fluorescence intensities between separate experiments. Inhibition curves overlapped when translated from arbitrary fluorescence intensity units to the accurate percentage of Abltide phosphorylation (Fig. 4B) . This was used to highlight qualitative differences between the results from each technique. The maximum activity of Bcr-Abl in lysates prepared in-plate seemed to be equal to lysates prepared in conical tubes, suggesting equivalent lysis efficiencies. High concentrations of imatinib seemed to lose potency in cells, with residual Abltide phosphorylation near 10% at 100 μmol/L of inhibitor. This observation may be the consequence of off-target effects at high concentrations limiting inhibitor bioavailability or transport in cells (40) .
To expand upon the influence of ATP during inhibition, we arranged an experimental format that enabled a multicomponent analysis of the relative efficiency of imatinib in K-562 lysates. We simplified the calculation of ATP-relative inhibitor efficiency from a series of independent experiments by measuring the percentage of Abltide phosphorylation at a variety of ATP and imatinib concentrations (Fig. 4C) . Competitive with respect to ATP but not with respect to peptide, the concentration of imatinib required for complete inhibition of Bcr-Abl increased with increasing ATP.
To establish the limits of detection given small amounts of a potent inhibitor, we tested the second-generation inhibitor dasatinib and experimental pyridopyrimidine inhibitors PD166326, PD173955, and DV2-273 in cell lysates and cultured cells. Compared with imatinib, these inhibitors showed higher potency in lysates in agreement with previously published values ( Fig. 5A ; refs. 39, 41, 42) . Compared with their activity in lysates, PD166326 and dasatinib showed a significant increase in potency in cells (Fig. 5B) . These results were surprising, although this increase in potency was observed in previous studies (18) . Several factors may explain our results. Lysates from cells inhibited with PD166326 and dasatinib exhibited 10% lower maximal activity than lysates from cells treated with PD173955 and DV2-273, and compared with lysates treated directly with inhibitors. This lower initial activity may have reflected either incomplete lysis or a smaller population of cells per well, resulting in less Bcr-Abl per well and smaller apparent IC 50 values. The steepness of the inhibition curves between 0.01 and 0.1 nmol/L suggested a narrow range of sensitivity that was incompletely sampled, resulting in quantitative ambiguity within that defined range. By comparison, lysates from cells treated with PD173955 and DV2-273 displayed a well-sampled inhibition curve with an apparent 10-fold decrease in IC 50 values compared with the inhibition of lysates. This drastic increase in apparent potency was not observed in cells treated with imatinib, although imatinib has a longer half-life in vivo and a smaller dissociation constant for Abl kinase in vitro (43, 44) . This suggests that inhibition in cells under these conditions was affected by the small number of cells per well during treatment, intracellular accumulation of inhibitors, kinase active state to promote inhibitor binding, or was accomplished through multitarget effects (Supplementary Fig. S4 ). Despite large differences in IC 50 values between assays that were prepared under separate conditions, the ranking of relative inhibitor potencies remained consistent between assays using cells and lysates. This confirms the practical value of accurate comparisons using internal standard curves.
To investigate the effects of assay sensitivity on apparent inhibitor potency, we tested PD166326, PD173955, dasatinib, and DV2-273 in lysates using the substrate Abltide in tandem with p40. Curves displayed steeper downward slopes compared with lysates tested using Abltide alone, reflecting increased sensitivity to changes in Bcr-Abl activity. Quantitation from internal standard curves allowed direct comparison against Abltide standards and the transformed data revealed differences in the responsiveness of the substrate to changes in kinase activity (Fig. 5C ). In tandem with p40, Abltide displayed residual phosphorylation at high inhibitor concentrations, suggesting increased affinity for Bcr-Abl. PD166326 and DV2-273 exhibit IC 50 values that are 10-fold and 4-fold greater than assays using Abltide alone, whereas inhibition by PD173955 could not be quantitated because small changes in fluorescence intensity did not translate within the scale established by synthetic internal standards. It has not been determined whether the inhibition of Bcr-Abl is affected by interactions between the Abl SH3 domain with its immobilized ligand, p40. Nevertheless, these data suggest that the optimized substrate is a sensitive indicator of small differences in inhibitor concentrations.
Inhibitor screening with a multiplexed platform. To enable a more comprehensive analysis of Bcr-Abl inhibition in K-562 cell lysates, we expanded our basic method to include peptides that were previously used to report kinase activities in parallel pathways. Distinct beads bearing Abltide, Srctide, and a peptide derived from the tyrosine autophosphorylation site of Btk were combined in a single well to monitor the effects of imatinib and dasatinib in lysates. Substrate phosphorylation relative to internal Abltide standards was self-normalized on a scale of 0 to 100 based on peptide-specific minima and maxima to highlight relative differences between inhibition curves for each peptide substrate (Fig. 6A) . Before normalization, raw mean fluorescence intensities from the phosphorylation of Srctide and the peptide substrate derived from Btk were almost two orders of magnitude smaller than that observed for Abltide. This suggested that Bcr-Abl is a dominant kinase activity in K-562 lysates and showed relative selectivity for Abltide under these conditions. A 10-fold window of selectivity distinguished the inhibition of Abltide phosphorylation by imatinib from the inhibition of phosphorylation at Srctide and the peptide substrate derived from Btk. Srctide and the peptide derived from Btk are routinely used to monitor the activities of kinases in the Src family and Btk, respectively. However, the narrowness of this selectivity window contrasts with published kinase-specific profiles for imatinib (45) (46) (47) . The data suggested that we were not monitoring kinase-specific activity and inhibition with this multiplexed platform. Instead, we may have been detecting the combined effects of kinase activity and inhibition within a family or network, in which multiple activities and protein interactions contribute to inhibitor response. Profiling substrate response with the multitarget inhibitor dasatinib revealed characteristic inhibition patterns and reflected previously published observations (48) . Srctide was the most sensitive indicator of inhibition by dasatinib, as shown by a steep inhibition curve. The peptide derived from Btk displayed the lowest detection limit for inhibition by dasatinib, with an IC 50 value that was 10-fold lower than Abltide.
To monitor downstream phosphorylation resulting from Bcr-Abl activity, the assay was expanded to include peptides derived from Crk (23, (49) (50) (51) , CrkL (24, 49, 52) , and Stat5a (25, 26, 53) . These peptides were immobilized on distinct Luminex beads and combined in a single well with Abltide-conjugated beads. The raw fluorescence intensity from the phosphorylation of Abltide was two orders of magnitude larger than that for substrates based on native phosphorylation sites. Following normalization, the data show that the phosphorylation of native substrates corresponds closely with the phosphorylation of Abltide (Fig. 6B) .
To compare our results to a commercially available Bcr-Abl activity assay, we tested a portion of the same samples using a multiplexed Western format (Fig. 6C) . The PathScan Bcr/Abl Activity Assay uses a cocktail of five horseradish peroxidase-linked antibodies to determine the phosphorylation state of Abl, Bcr-Abl, and two of its downstream effectors, Stat5 and CrkL (54) . An antibody against the translation initiation factor eIF4e was included as an internal control to normalize against variable total protein loading for the purpose of Figure 6 . Monitoring inhibition with imatinib and dasatinib using multiplexed substrates phosphorylated by K-562 cell lysates. Data acquired using Luminex beads were translated from raw fluorescence intensity to relative phosphorylation using internal standard curves. Transformed data were self-normalized according to the maxima and minima of each substrate. A, Abltide (red), Srctide (blue), and a peptide derived from the auto-phosphorylation site of Btk (green) were immobilized on Luminex beads and phosphorylated simultaneously by K-562 cell lysates. All reactions were done in triplicate. Solid curves connecting round data points, lysate inhibition by dasatinib (nmol/L range); dotted curves connecting square data points, inhibition by imatinib (μmol/L range). Apparent IC 50 relative quantitation. With a range of output intensities for different proteins, the PathScan multiplexed platform is limited by component antibody binding affinities, nonlinear luminescent output, and the dynamic range obtainable from multiple film exposures. The difference in calculated IC 50 s between our bead-based assay and Western blot may be attributed in part to measurements of kinase activity versus activation state. Juxtaposed against inherent inaccuracies in relative quantitation by Western blot, the statistical confidence intervals with high sampling frequencies obtained from our bead-based activity assay provide an analytically robust platform for accurate comparisons.
Discussion
We developed a quantitative and multiplexed assay that is dependent on enzyme activity for signal accumulation to measure the sensitivity and specificity of clinically relevant kinase inhibitors. We established internal standard curves that correct for well-to-well variability and intrinsic nonlinearity in labeling and detection. This enabled accurate measurements and facilitated comparisons between samples. Our analysis characterized the relationship between detector output and substrate phosphorylation and included quantitative confidence intervals based on the number of unique measurements within and between wells in a 96-well array as required for the t-distribution.
The Luminex platform of fluorescent polymeric microspheres was selected as the foundation for this method because it allows population-based statistical analysis of phosphorylation events with semisoluble kinetics. Using a dedicated flow cytometer, the Luminex system can track up to 100 specific reactions per well while processing multiple conditions in 96-well plates. This is accomplished by a pair of lasers, one to excite internal red fluorescence for bead count and identification and the second to excite green fluorescence at the bead surface to measure analyte levels. Luminex bead arrays have been used to monitor the phosphorylation of multiple endogenous kinase substrates in cell lysates by immobilizing a different capture antibody on each bead color and detecting phosphorylation with a second phospho-specific antibody (55, 56) . More direct queries of kinase activity are readily obtained by immobilizing substrates on beads and routine applications using biotinylated peptide substrates on streptavidincoated Luminex beads are straightforward (57) .
Peptides used in the assay presented here have been validated by previous work and were selected based on their association with Bcr-Abl, either directly through activity-based phosphorylation or indirectly according to reported off-target effects of Bcr-Abl inhibitors. Previous work has shown that Bcr-Abl activity can be measured in cell lysates using the optimized synthetic peptide substrate Abltide immobilized on beads (52) or in acrylamide hydrogels (17) . Native substrates, such as Crk and CrkL, as well as native downstream effectors such as Stat5a, have regularly been used to monitor Bcr-Abl activity in cell lysates (49, 54, 58) . Expanding upon these methods, we covalently tethered Abltide and peptide substrates derived from Crk, CrkL, and Stat5a on Luminex beads to monitor Bcr-Abl activity and inhibition in a multiplexed assay. Phosphorylation is detected in a single step by substrate recognition with a fluorescent anti-phosphotyrosine antibody. Similarly, the optimized synthetic substrate Srctide and a peptide substrate derived from the autophosphorylation site of Btk were used to profile differential inhibitor sensitivities. Although previously optimized and validated for efficiency and selectivity, peptide substrates may not report the activity of a single kinase. Nevertheless, differences in the response to inhibitors provide useful outlines of pathway activation.
A major challenge in monitoring the response to inhibitor-based therapies is the use of standardized methods that show minimal variation in assay values from run to run and maintain a common frame of reference from sample to sample (59) . Most screening techniques rely on external standards and lack separate calibration for individual wells in an array. In general, quantitation is limited to rank order sorting with selective editing of outlier data points and the use of nondimensional figures of merit (60) . Given the challenges associated with standardizing reagents, the relative quantitation of changes between samples and between different laboratories is especially difficult. This is particularly notable for high-throughput screens developed in microtitre plates, in which the organization of samples within plates and small variations between plates can lead to strong sample bias (61) . To date, basic quantitation in kinase assays requires external standards for a combination of background subtraction resulting from nonspecific interactions in complex samples and the calculation of proportions relative to a baseline (62) .
Widely used in analytic chromatography, Western blots, quantitative PCR, and quantitative mass spectrometry, internal controls are especially useful for analyses in which the quantity and quality of sample varies from run to run for reasons that are difficult to control. An additional concern in multiplexed assays is the normalization of output contributions by various components of the reaction. For example, although multiplexed peptides are readily detected by mass spectrometry, the difference in ionization potential between phosphorylated and unphosphorylated forms results in the overrepresentation of one species over another (63) . Here, we report the use of reaction-specific internal standard curves to provide quantitative controls for well-to-well variability in labeling and detection. Fluorescence readout from bound anti-phosphotyrosine antibodies is converted to the percentage of substrate phosphorylation by nonlinear regression from internal standard curves. Statistical analysis of sampled bead populations in combination with well-specific quantitation provides a sensitive platform for accurate measurements with high confidence. This method may be helpful for defining subclassifications of kinase activities that determine patient prognosis and for selecting appropriate therapies. In keeping with current experimental approaches that are aimed at describing large systems through the detailed analysis of component interrelationships, this method is expandable for the quantitative analysis of network activity in a single experiment. This approach may prove particularly useful to accurately and sensitively monitor patient response to individualized cocktails of kinase inhibitors that modulate the activity of several key pathways.
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